Abstract Acute pulmonary vasodilator testing (AVT) is essential to determining the initial therapy for children with pulmonary arterial hypertension
Introduction
Advances in pulmonary vascular biology have led to novel therapies for pulmonary arterial hypertension (PAH), which have led to improved survival in children. Epoprostenol, a prostacyclin analog, has been used for almost two decades to treat of PAH with great success. Currently, another prostacyclin analog, treprostinil, which may be given as subcutaneous, intravenous, or inhaled therapy, has demonstrated clinical efficacy in children with PAH [14, 18, 20] . Treprostinil has stability at room temperature, smaller pump options, and a longer half-life compared with epoprostenol, which are seen as advantages.
Both prostacyclin analog therapies are effective for improving symptoms and hemodynamics and for slowing disease progression in children with idiopathic PAH or PAH associated with congenital heart disease [3, 5, 14, 17-20, 26, 28] . However, intravenous therapy carries the risks associated with chronic intravenous access such as infection and catheter thrombosis, as well as temporary interruption of the infusion due to pump malfunction and systemic hypotension [9, 16] . Inhaled agents have several advantages over intravenous infusion therapy including less risk of systemic hemodynamic concerns and minimized effect on ventilation-perfusion mismatch [12, 13] .
Iloprost, a synthetic prostacyclin analog with vasodilatory properties, has been approved for treatment of adults with PAH. In previous pediatric studies, iloprost improved hemodynamics and World Health Organization functional class in idiopathic PAH and PAH associated with congenital heart disease [15, 21, 25] . However, iloprost therapy requires six to nine inhalation treatments daily and thus may have a potential risk for worse compliance in the pediatric population. In contrast, inhaled treprostinil requires only four inhalation treatments daily, which offers an advantage over iloprost. Inhaled treprostinil therapy has demonstrated clinical efficacy in adult patients with PAH [8, 27] . A single report describes its chronic use in pediatric patients with PAH [18] .
Acute pulmonary vasodilator testing (AVT) is essential to determining initial therapy for children with PAH. The currently recommended AVT agents include short-acting vasodilators such as inhaled nitric oxide (iNO), inhaled iloprost, intravenous epoprostenol, and intravenous adenosine [1, 2, 4, 10, 11, 15, 25] . This study report aims to describe the initial experience with inhaled treprostinil used for AVT in children with PAH.
Materials and Methods
This prospective cohort study included children followed at the University of Colorado School of Medicine, Children's Hospital Colorado. All the children were prospectively enrolled in an institutional review board (IRB)-approved protocol. All the children had a previous diagnosis of PAH and were receiving chronic therapy before catheterization.
At cardiac catheterization, the patients underwent either general anesthesia with low concentrations of inhaled volatile anesthetics or moderate to deep sedation with combinations of low-dose propofol, fentanyl, and/or midazolam. Airway and ventilation management included either an endotracheal tube with controlled mechanical ventilation or a laryngeal mask airway with spontaneous ventilation for anesthetized patients and a natural airway with spontaneous ventilation for sedated patients.
Using a flow-directed Swan-Ganz catheter and a systemic arterial line for monitoring, we measured mean right atrial pressure, mean pulmonary artery pressure, pulmonary capillary wedge pressure, and mean systemic blood pressure. Accordingly, cardiac output was obtained using thermodilution, and the cardiac index was calculated. If a significant intracardiac defect remained, cardiac output was obtained by the Fick method, with oxygen consumption assumed by the LaFarge equation. The pulmonary vascular resistance index was calculated as the mean pulmonary artery pressure minus the mean pulmonary wedge pressure divided by the cardiac index. We also calculated the systemic vascular resistance index and the pulmonary/systemic vascular resistance index ratio. The acute response to inhaled treprostinil was compared with the effects of oxygen plus iNO.
A positive response to the vasodilator test in pediatric patients is defined as a reduction in mean pulmonary artery pressure of 20 % or more, an increase or no change in the cardiac index, and a decrease or no change in the ratio of the pulmonary-to-systemic vascular resistance index [2, 5, 10] . After evaluation of hemodynamics at baseline (21 % oxygen level), the acute response to iNO at 40 ppm plus oxygen was assessed.
After iNO administration and after the return of the hemodynamic status to baseline, inhaled treprostinil was administered. Initially, three to six breaths (18-36 lg) of inhaled treprostinil were delivered, followed by observation of hemodynamic measurements and adverse events. If no significant change in pulmonary artery pressure occurred after 5 min and the patient did not demonstrate tolerability issues, three to six additional breaths were administered to a maximum of nine breaths (54 lg).
Inhaled treprostinil was delivered by the OPTINEB-ir Model ON-100/7 ultrasonic nebulizer (Metropolitan Medical, Inc., Winchester, VA, USA) via an anesthesia mask with a flow-inflating bag (for sedated patients breathing through a natural airway) or the manual mode of the anesthesia system in synchrony with the OPTINEB's inhalation indicator (for anesthetized patients breathing through an endotracheal tube or laryngeal mask airway).
The standard OPTINEB Ò -ir configuration was adapted by removing the inhalation piece normally used by an awake patient and both the inhalation and exhalation filters from the dome assembly ( Fig. 1) . A 90°elbow connector (Portex, Inc., Keene, NH, USA) was placed in the top of the dome assembly followed by a 15-mm (inner diameter)/ 22-mm (outer diameter) multi-adapter and an Airlife 15 mm Inspiratory Line Extension (Allegiance Healthcare Corp., McGaw Park, IL, USA). A 22-mm silicone adapter (Vacumed, Ventura, CA, USA) was placed on the inlet of the OPTINEB-ir dome assembly and connected to either a flow-inflating bag or the inspiratory limb of the anesthesia circuit proximal to the patient Y. A custom connector for the inlet of the OPTINEB dome (Hans Rudolph Inc., Shawnee, KS, USA) was later acquired to provide a more secure fit. The inhalations were delivered using the manual breath system of the anesthesia machine in synchrony with the OPTINEB's inhalation indicator.
Statistical Analysis
Descriptive statistics were calculated using median with range or mean. The statistical difference in hemodynamics with inhaled treprostinil or iNO compared with baseline was calculated using Student's t tests for comparisons of data with a normal distribution. If the data did not show a normal distribution, a nonparametric test was used for analysis (Mann-Whitney's U test). The level of statistical significance was defined as a p value of 0.05. Analyses were conducted using Statmate IV for Windows (Atoms Co., Tokyo, Japan).
Results

Patient Characteristics
The study enrolled 13 children (6 girls) who underwent AVT. The median age of the children was 10 years (range 4-17 years). The etiologies of PAH included idiopathic PAH (n = 7), PAH associated with congenital heart disease (n = 4), PAH associated with interstitial lung disease (n = 1), and PAH associated with hereditary hemorrhagic telangectasia (n = 1). The patient's demographic data are listed in Table 1 . Four children (31 %) were treated with inhaled treprostinil before the AVT evaluation, and two children received Iloprost therapy. These therapies were held longer than 6 h before the procedure.
Acute Pulmonary Vasodilator Testing
During AVT, younger children (n = 8) were administered iNO and inhaled treprostinil by endotracheal tube, whereas older children (n = 3) used a anesthesia mask or a laryngeal mask airway (n = 2) ( Table 2 ). All the patients tolerated inhaled treprostinil during AVT without marked adverse events and eventually received six or nine breaths (36 or 54 lg) of treprostinil. The median treprostinil dose was 1.53 lg/kg (range 0.71-2.89 lg/kg). (Fig. 2a, b) . These hemodynamic reductions after inhaled treprostinil were similar to the level achieved with iNO.
Hemodynamic Change
The cardiac index was not significantly changed after inhalation of NO and treprostinil (Fig. 2c) . However, inhaled treprostinil tended to decrease the pulmonary/systemic vascular resistance index ratio (median baseline, 0.5; range 0.26-1.10; treprostinil, 0.4; range 0.16-1.06; p = 0.11), whereas iNO significantly decreased the ratio (median iNO, 0.38; range 0.13-0.79; p \ 0.01) (Fig. 2d ). There were no significant changes from baseline values for right atrial pressure, pulmonary capillary wedge pressure, systemic blood pressure, or arterial pressure of carbon dioxide (PaCO 2 ) during the AVT with either iNO or inhaled treprostinil. Of the 13 children, 8 (62 %) were acute responders to the AVT.
Adverse Events of Inhaled Treprostinil
Three adverse events were reported after inhalation of treprostinil, including cough and mild to moderate systemic hypotension. A 4-year-old boy with associated PAH and a history of asthma (patient 1) had cough after the initial 3 breaths but tolerated an additional three breaths without extended cough or signs of bronchospasm. Mild transient hypotension (baseline systemic blood pressure, 76/44 mmHg [57 mmHg] decreased to 70/40 mmHg [50 mmHg]) was observed in a 10-year old girl who had PAH associated with CHD (patient 7) after six inhalations (36 lg). Photograph shows incorporation of an inhaled treprostinil nebulizer (OPTINEB-ir Model ON-100/7 ultrasonic nebulizer) into a ventilatory circuit in the intensive care setting A 6 year-old boy with idiopathic PAH (patient 3) initially tolerated six breaths well, but moderate systemic hypotension was observed (baseline 62/39 mmHg [49 mmHg] decreased to 50/30 mmHg [38 mmHg]) after an additional three breaths (total dose, 2.86 lg/kg). The systemic blood pressure recovered to baseline without any intervention. Interestingly, the boy was treated with nine breaths of inhaled treprostinil before catheterization and reported dizziness after inhalation. After the catheterization, the dose of inhaled treprostinil was decreased to six breaths four times daily, and the dizziness resolved.
Discussion
This is the first reported study that examined the acute hemodynamic effects, safety, and tolerability of inhaled treprostinil in children with PAH. In this small cohort of 13 children with idiopathic and associated PAH, we found that inhaled treprostinil had acute hemodynamic effects similar to those of iNO and was well tolerated with an acceptable safety profile.
Acute pulmonary vasodilator testing is essential to determining initial therapy for patients with PAH. Current adult guidelines and good clinical practice with children recommend consideration of high-dose calcium-channel blocker agents for patients demonstrating a positive AVT response [13, 23] . Medications such as adenosine, epoprostenol, iNO, and inhaled iloprost have been used to assess AVT responses. However, systemic agents may potentially worsen ventilation-perfusion mismatch compared with inhaled medications [13] . In addition, recent pediatric registry data have demonstrated that maintenance of an acute vasodilator response is associated with improved survival [5, 10] .
In our study, both iNO and inhaled treprostinil were equally effective in selectively lowering mean pulmonary artery pressure and the pulmonary vascular resistance index in children with PAH during AVT. Therefore, this result suggests that inhaled treprostinil could possibly be used to assess AVT in children with PAH. Although the exact treprostinil dose administered to the patient may have decreased slightly by the delivery system dead space, the hemodynamic response suggests adequate drug delivery. Use of inhaled treprostinil in other acute clinical settings, such as postoperative cardiac surgery, requires further investigation but is appealing due to the longer half-life. We have previously reported that inhaled iloprost had a hemodynamic response similar to that of iNO during AVT. In this study, we did not compare the acute hemodynamic response of inhaled iloprost with that of inhaled treprostinil. However, an adult randomized, placebo-control study directly compared hemodynamic effects between inhaled treprostinil and iloprost in patients with pulmonary hypertension [27] . The results showed that inhaled treprostinil had a more sustained effect on pulmonary vascular resistance and cardiac output than iloprost with fewer systemic side effects.
Inhaled treprostinil, a long-acting prostacyclin analog, has demonstrated sustained pulmonary vasodilation with excellent tolerability at relatively low doses in adult patients with PAH [6] [7] [8] 24] . Currently, there is a single study of long-term outcome for children treated with inhaled treprostinil [18] . Inhaled iloprost has demonstrated improved hemodynamics in pediatric patients with PAH [11, 15, 21, 25] . However, due to its short half-life, patients need to inhale iloprost six to nine times per day, which poses practical limitations, especially in children. Thus, inhaled treprostinil has some advantages over iloprost therapy, may provide beneficial effects in the pediatric population, and requires further study.
As previous adult studies have shown, common side effects due to inhaled treprostinil therapy include cough, headache, nausea, flushing, and sore throat [6, 22] . In our study, we had only three adverse events after inhalation of treprostinil during AVT. One patient with a history of asthma had transient cough after inhalation. Fig. 2 Hemodynamic change with inhaled nitric oxide and inhaled treprostinil. The figure displays the hemodynamic change in the mean pulmonary artery pressure, the pulmonary vascular resistance index, the pulmonary/systemic vascular resistance index ratio, and the cardiac index during acute pulmonary vasodilator testing with inhaled nitric oxide and inhaled treprostinil. Inhaled nitric oxide and inhaled treprostinil significantly decreased the mean pulmonary artery pressure and the pulmonary vascular resistance index, whereas no significant changes from baseline values for the cardiac index occurred with either inhaled nitric oxide or inhaled treprostinil. iNO, inhaled nitric oxide; NS not significant Inhaled treprostinil has a potential risk of worsening respiratory symptoms in patients with reactive airway disease. Lower airway reactivity may be a problem of inhaled agents. Thus, special caution should be required for children with concomitant lung disease during AVT with inhaled treprostinil. In the current study, two patients experienced systemic hypotension after higher doses of inhaled treprostinil were administered. Both cases resolved without interventions. Although the appropriate dose of inhaled treprostinil for pediatric patients is not known, clinicians should use higher doses of inhaled treprostinil with caution.
The limitations of this study included the small sample size, the relative heterogeneity of the patients, and the lack of a pharmacokinetic evaluation. A larger controlled study will be needed to determine whether these results observed in pediatric patients with PAH are seen in a larger population. Although the sample size was small, inhaled treprostinil improved hemodynamics during AVT in our pediatric patients. Moderate hypotension was observed in one patient after a higher dose of treprostinil was inhaled.
The appropriate dosing of inhaled treprostinil for pediatric patients remains unknown. Therefore, further studies are required to determine the optimal dose of inhaled treprostinil for AVT. Additionally, we did not evaluate the difference in clinical efficacy between inhaled treprostinil and iloprost during AVT in the pediatric population, which should be performed in future studies. Despite several limitations, our study suggests that inhaled treprostinil may be useful for AVT with tolerability and safety profiles and may become a new strategy for treatment of pediatric PAH in the critical care setting.
